Efficient recognition and control of microbial infections relies on the availability of a diverse T cell antigen receptor (TCR) repertoire 1,2 . In developing T cells, TCR diversity is generated via somatic recombination, during which different gene segments are combined with the addition and removal of nucleotides at recombination junctions. This process results in TCRs with highly variable sequences and therefore generates individual T cells that recognize peptide ligands with a wide range of binding strengths (avidities). This has important functional consequences, as high-avidity T cells are generally more sensitive to antigen, undergo more proliferation during immune responses and produce more cytokines 3-9 . However, T cells at the upper end of the avidity spectrum can also display substantial limitations in biological activity [10] [11] [12] [13] , which suggests the existence of regulatory mechanisms that prevent deleterious consequences of very strong antigen reactivity. Hence, the optimal avidity associated with long-term T cell functionality remains elusive, particularly in the context of immunity to microbial infection.
Efficient recognition and control of microbial infections relies on the availability of a diverse T cell antigen receptor (TCR) repertoire 1, 2 . In developing T cells, TCR diversity is generated via somatic recombination, during which different gene segments are combined with the addition and removal of nucleotides at recombination junctions. This process results in TCRs with highly variable sequences and therefore generates individual T cells that recognize peptide ligands with a wide range of binding strengths (avidities). This has important functional consequences, as high-avidity T cells are generally more sensitive to antigen, undergo more proliferation during immune responses and produce more cytokines [3] [4] [5] [6] [7] [8] [9] . However, T cells at the upper end of the avidity spectrum can also display substantial limitations in biological activity [10] [11] [12] [13] , which suggests the existence of regulatory mechanisms that prevent deleterious consequences of very strong antigen reactivity. Hence, the optimal avidity associated with long-term T cell functionality remains elusive, particularly in the context of immunity to microbial infection.
Mycobacterium tuberculosis remains one of the most detrimental human pathogens and has been challenging to combat due to the lack of an effective vaccine 14, 15 . Although CD4 + T cells are essential for the control of M. tuberculosis 16, 17 , bacterial eradication is rarely achieved. One explanation is that M. tuberculosis is able to inhibit major histocompatibility complex (MHC) class II expression 18, 19 , which results in limited antigen presentation in mycobacterial granulomas 20, 21 . Therefore, one way to improve vaccination against tuberculosis might be to engage T cells of an overall very high avidity, because these would require less antigen to activate effector mechanisms.
To investigate how T cell avidity influences immunity to M. tuberculosis, we generated a mouse (C24) in which CD4 + T cells have transgenic expression of a TCR with very high avidity for the mycobacterial antigen ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . By comparing this mouse with a previously published mouse (C7) that expresses a TCR with intermediate avidity for ESAT6 (refs. 22,23) , we found that the T cells of higher avidity were less able to control bacterial growth, a phenotype that was associated with a substantial loss of TCR expression. On the basis of those results, we found that clonally expanded T cells underwent a program of persistent TCR downregulation that was proportional to the strength of initial antigen recognition. This previously unappreciated feedback mechanism increased the threshold for cytokine production and recall proliferation in an avidity-dependent manner, with the result that T cells of intermediate avidity made the greatest contribution to antimicrobial defense.
RESULTS

Avidity of C7 and C24 CD4 + T cells
For the investigation of CD4 + T cell immunity to tuberculosis, we used the previously generated C7 mouse, in which all CD4 + T cells have transgenic expression of a TCR specific for the mycobacterial antigen ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Studies of this mouse have demonstrated that C7 cells differentiated into the T H 1 subset of CD4 + helper T cells are able to greatly diminish but not eliminate mycobacterial growth 22, 23 . To determine whether that failure of bacterial eradication is a general feature of T cell immunity, we generated another mouse with transgenic TCR expression, using a ESAT6(1-20)-specific T cell hybridoma (C24) obtained from an M. tuberculosis-infected C57BL/6J mouse. We chose the C24 TCR because it uses α-and β-chains different from those used by the C7 TCR, which created the possibility that it might recognize ESAT6(1-20) with a different affinity. To test this, we incubated naive C7 and C24 T cells with various concentrations of ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) tetramers, to evaluate their antigen-binding strength 24 . At saturating concentrations, C24 T cells bound threefold more tetramer than did C7 T cells, and this difference increased to 15-fold at non-saturating concentrations (Fig. 1a,b) . Since the TCR expression of naive C7 T cells and naive C24 T cells was comparable (Fig. 1a) , this suggested that C24 T cells had substantially greater structural avidity for ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , a conclusion confirmed by tetramer-dissociation studies (Fig. 1c,d) . To investigate whether C7 T cells and C24 T cells also differed in functional avidity, we activated these cells with various concentrations of ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) peptide. At a low antigen dose, 45% of C24 T cells had proliferated after 4 d, compared with only 18% of C7 T cells, whereas at a high antigen dose, there was no difference (Fig. 1e) , which indicated that the degree to which the C24 TCR was stimulated was higher. Consistent with that, activated C24 T cells also displayed increased expression of the immunomodulatory receptor CTLA-4 (CD152) than that of activated C7 T cells 25 (Supplementary Fig. 1 ).
Because both C7 T cells and C24 T cells were generated with TCRs of M. tuberculosis-infected mice, we sought to compare their avidity with that of ESAT6(1-20)-specific endogenous CD4 + T cells. Therefore, we infected C57BL/6J mice with M. tuberculosis and isolated ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) tetramer-binding cells at the peak of the response. We observed a normal distribution of tetramer binding by endogenous CD4 + T cells that spanned two orders of magnitude, which probably reflected cells with different avidities for ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (Fig. 1f) . Notably, ~50% of tetramer-positive endogenous CD4 + T cells bound tetramer as well as or better than C7 T cells did, whereas only ~5% bound tetramer as well as or better than C24 T cells did. This suggested that, relative to endogenous CD4 + T cells, C7 T cells and C24 T cells represented T cells with intermediate avidity and very high avidity, respectively.
Control of M. tuberculosis by C7 and C24 T cells
Given the very high avidity of C24 T cells, we anticipated that these cells might be very efficient at controlling M. tuberculosis infection, which is associated with limited antigen presentation 20, 21 . Since activated T H 1 cells confer greater protection than do naive T cells 23 , we polarized C7 and C24 T cells in vitro using T H 1 conditions, transferred these cells into mice and infected the host mice with M. tuberculosis. Analysis of peripheral blood revealed that C7 and C24 T H 1 cells continued to expand for 10 d after initial activation (Fig. 2a) . The expansion of both clones peaked at a similar frequency (Fig. 2a) , which indicated that their capacity for proliferation was not inherently different. To assess bacterial control, we harvested lungs on day 16 after infection, when protection by transferred T H 1 cells is known to be maximal 22 . Notably, although both T H 1 clones had inhibited bacterial growth, the degree of protection by C24 T H 1 cells was significantly lower than that achieved by C7 T H 1 cells (Fig. 2b) , indicative of impaired functionality associated with very high antigen avidity.
To investigate that apparent failure of C24 T cells, we analyzed the expression of several activation markers. Although C24 T H 1 cells from the lungs were uniformly CD44 hi , they displayed substantial downregulation of TCR expression (Fig. 2c) . Specifically, the TCR expression of C24 T H 1 cells was only 6% that of endogenous CD4 + T cells, whereas the TCR expression of C7 T H 1 cells was 78% that of endogenous CD4 + T cells (Fig. 2d) . Thus, the unexpected diminished performance of C24 T H 1 cells could have been due to loss of TCR expression.
Programmed TCR downregulation by C7 and C24 T cells In mice, M. tuberculosis causes a chronic infection during which ESAT6 is persistently expressed 26 . Hence, we reasoned that the down- npg or left uninfected. As before, C7 and C24 T H 1 cells continued to proliferate for several days after adoptive transfer, then underwent a contraction in cell number (Fig. 3a ). The extent of T H 1 cell clonal expansion and contraction was very similar for M. tuberculosisinfected mice and uninfected mice ( Fig. 3a) , which indicated that these properties were programmed during initial T cell activation in vitro [27] [28] [29] [30] [31] . Notably, both C7 T H 1 cells and C24 T H 1 cells exhibited high TCR expression during the expansion phase ( Fig. 3b,c) . However, at the peak of clonal expansion, both clones had downregulated their TCR expression, and this downregulation persisted throughout the contraction phase (Fig. 3b,c) . By day 16 after activation, the TCR expression of C7 T H 1 cells and C24 T H 1 cells from the blood was only 28% and 4%, respectively, that of endogenous CD4 + T cells (Fig. 3b,c ). Therefore, both T H 1 clones had downregulated their TCR expression, but they had done so to different degrees, with the clone of higher avidity displaying more TCR downregulation. Unexpectedly, the extent of TCR downregulation was the same for infected mice and uninfected mice ( Fig. 3c) , which suggested that this process was not driven by chronic antigen exposure but was instead programmed during initial T cell activation. Although the substantial downregulation of TCR expression by C24 T H 1 cells did not require continuous exposure to foreign antigen, it could still have resulted from greater self-reactivity. Naive C24 T cells displayed 50% lower expression of the negative regulator CD5, but 70% greater basal phosphorylation of TCRζ, than that of naive C7 T cells ( Supplementary Fig. 2 ), which suggested that of the two sets of T cells, C24 T cells had somewhat higher self-reactivity. However, transfer of C7 or C24 T H 1 cells into wild-type or MHC class II-deficient mice revealed indistinguishable downregulation of TCR expression ( Supplementary Fig. 3 ), which indicated that no further TCR signaling was needed to induce this downregulation beyond the initial T cell activation and thus the response appeared to be truly programmed.
Programmed TCR downregulation by endogenous CD4 + T cells
The finding that both C7 T H 1 cells and C24 T H 1 cells displayed downregulation of TCR expression raised the question of whether this represented a general trait of activated CD4 + T cells. To investigate this in vivo, we generated a recombinant Listeria monocytogenes strain that expresses ESAT6 (L. monocytogenes-ESAT6) 32 . L. monocytogenes induces potent T cell responses to multiple antigens and therefore we anticipated that use of the ESAT6-expressing strain would facilitate the activation of naive C7 and C24 T cells, as well as that of endogenous L. monocytogenes-specific CD4 + T cells in vivo.
To allow unbiased assessment of TCR downregulation on endogenous L. monocytogenes-specific T cells, we reasoned that flow cytometry with gating on activation markers might enable the identification of such cells without requiring TCR-based methodology. To test this, we transferred naive CD90.1 + C7 or C24 T cells into mice and infected the mice with L. monocytogenes-ESAT6. A third group of infected mice did not receive any cells ('no transfer'), to allow natural development of the endogenous L. monocytogenes-specific response. On day 7 after infection, C7 and C24 T cells from the blood were readily identified by their expression of the alloantigen CD90.1, and further gating revealed that these cells uniformly had an activated phenotype, being CD44 hi CD62L − (Fig. 4a) . In contrast, gating on endogenous CD4 + T cells from 'no-transfer' recipients revealed two subpopulations, with cells having either an activated phenotype or a naive (CD44 lo CD62L + ) phenotype.
We then assessed the response kinetics of activated C7 and C24 T cells, as well as that of endogenous CD44 hi CD62L − CD4 + T cells. TCRβ expression (%) 
A r t i c l e s
As expected, C7 and C24 T cells proliferated until day 7 after infection, after which the response contracted, leaving a memory T cell population by day 35 (Fig. 4b) . Notably, the expansion and contraction pattern of endogenous CD44 hi CD62L − CD4 + T cells was very similar to that of C7 and C24 T cells, which suggested that this gating strategy identified activated L. monocytogenes-specific T cells. Being able to detect endogenous activated CD4 + T cells independently of their TCR, we investigated the kinetics of TCR expression. Similar to our results obtained with in vitro-activated T H 1 cells, in vivo-activated C7 and C24 T cells exhibited high TCR expression during initial proliferation, with expression rapidly downregulated at the peak of clonal expansion (Fig. 4c,d) . The TCR expression reached its lowest amount 15 d after infection, after which expression increased somewhat (Fig. 4c,d) . However, as late as 53 d after infection, the TCR expression of C24 T cells was still only 11% that of endogenous naive CD4 + T cells (Fig. 4c,d) , which suggested that once the adjusted TCR expression level was set, it remained very stable. Despite having almost no TCR expression, clonally expanded C24 T cells had normal expression of costimulatory molecules, activation markers, cytokine receptors and inhibitory receptors and did not express the transcription factor Foxp3 (Supplementary Fig. 4) , which indicated that they were 'ordinary' effector cells. Notably, endogenous activated CD4 + T cells also displayed persistent downregulation of TCR expression, with kinetics similar to those of C7 and C24 T cells (Fig. 4c,d) . Although the median downregulation of TCR expression by endogenous T cells resembled that of C7 T cells, there were clearly cells present in this population that had TCR expression equivalent to that of C24 T cells (Fig. 4c,d) .
To investigate whether programmed TCR downregulation also occurred during chronic bacterial infection, we analyzed the responses of naive C7 and C24 T cells activated by M. tuberculosis in vivo; this revealed the same pattern of downregulation of TCR expression as the downregulation during acute infection with L. monocytogenes (Supplementary Fig. 5 ). Furthermore, endogenous M. tuberculosisspecific CD4 + T cells also displayed downregulation of TCR expression, and cells that weakly bound the ESAT6(1-20) tetramer displayed lower TCR expression than that of cells that strongly bound the tetramer (Supplementary Fig. 5 ), which indicated that tetramer analyses can be confounded by TCR downregulation. Together these data established that activated CD4 + T cells displayed a program of persistent downregulation of TCR expression that was initiated at the peak of clonal expansion and resulted in a repertoire with 'graded' TCR expression, of which C7 T cells and C24 T cells represented an average example and an extreme example, respectively.
Programmed TCR downregulation linked to TCRζ degradation
Given that the α-and β-chains of C7 and C24 TCRs were driven by a constitutive promoter, we hypothesized that the downregulation of TCR expression was regulated by other components of the TCR complex. Activated C24 T cells with almost completely absent surface TCR expression had unaltered transcription of the TCR complex components CD3γ, CD3δ, CD3ε and TCRζ (Supplementary Fig. 6 ), which suggested that downregulation of the TCR was mediated via post-transcriptional mechanisms. Assembly of the TCR complex is generally limited by the availability of TCRζ 33 , and transient downregulation of TCR surface expression can be mediated via degradation of TCRζ [34] [35] [36] . This prompted us to investigate the expression of TCRζ protein in CD4 + T cells activated by L. monocytogenes. As before, C7 and C24 T cells, as well as endogenous activated CD4 + T cells, displayed graded and persistent downregulation of TCR expression, starting at the peak of clonal expansion (Fig. 5a-d) . Notably, total expression of TCRζ demonstrated a pattern of downregulation markedly similar to that of surface expression of TCRβ (Fig. 5e) , which suggested that programmed TCR downregulation was mediated via degradation of TCRζ.
Programmed TCR downregulation controls antigen reactivity TCR expression is critical for an efficient response to antigenic stimulation [37] [38] [39] .
To investigate to what extent programmed TCR downregulation influences the antigen reactivity of activated T cells, we transferred C7 or C24 T H 1 cells into uninfected mice. This generated a setting in which both T H 1 clones had high TCR expression initially (day 7 after activation), whereas later (on day 13), TCR expression was intermediate on C7 T H 1 cells and low on C24 T H 1 cells (Fig. 6a,b) . To functionally test these cells, we restimulated them with ESAT6(1-20) peptide, to measure the TCR-dependent capacity for cytokine production. As a control, we incubated the same cells with the phorbol ester PMA plus ionomycin, which allows measurement of the TCR-independent capacity for cytokine production. On day 7, TCR-dependent production of interferon-γ (IFN-γ) by C7 and C24 T H 1 cells was equal to their TCR-independent production of IFN-γ (Fig. 6c,d) , which indicated that when TCR expression was high, the antigen reactivity of both clones was fully intact. In contrast, on day 13, the TCR-dependent production of IFN-γ by C7 T H 1 cells was intermediate and that of C24 T H 1 cells was low, which resulted in a very strong correlation between TCR expression and TCR-dependent production of IFN-γ (Fig. 6c-e) . Notably, the TCR-independent production of IFN-γ by both clones was very high on day 13 ( Fig. 6c) , which indicated that following TCR downregulation, the T cells continued to have a large intrinsic capacity to produce cytokines; however, their cytokine production in response to antigen was drastically altered. Since programmed TCR downregulation was initiated at the peak of clonal expansion and persisted for at least 50 d, we reasoned this might have a substantial effect on participation in secondary immune responses. To address this, we infected recipients of naive C7 or C24 T cells with L. monocytogenes-ESAT6 and reinfected these mice 1 month later. As before, the primary clonal expansion of C7 and C24 T cells was similar, and TCR expression on both clones was initially high, whereas by day 27, it was intermediate on C7 T cells and very low on C24 T cells (Fig. 7) . Strikingly, rechallenge on day 28 resulted in an increase in the frequency of C7 T cells of >500% by day 33, whereas there was a decrease of 50% in the frequency of C24 T cells, which indicated that these cells were not able to participate in the secondary response. A r t i c l e s
As L. monocytogenes induces the clonal expansion of both CD4 + T cells and CD8 + T cells, we sought to determine whether CD8 + T cells would also undergo downregulation of TCR expression. To this end, we gated on endogenous activated CD8 + T cells (CD44 hi CD62L − ) after infection of mice with L. monocytogenes and found that the gated cells displayed persistent downregulation of TCR expression with kinetics similar to those of activated CD4 + T cells ( Supplementary  Fig. 7) . Therefore, programmed TCR downregulation appeared to be a feature of both T cell lineages for the regulation of antigen reactivity after clonal expansion.
Programmed TCR downregulation is driven by T cell avidity
Given that activated C7 T cells and activated C24 T cells displayed TCR downregulation to a different degree, we wondered whether this was a reflection of their differential avidity for antigen. Activation of C24 T cells with a peptide dose 99% lower than the standard dose used above, which resulted in greatly diminished clonal expansion, had only a minimal effect on the extent to which TCR expression was downregulated (Supplementary Fig. 8 ), in agreement with published studies showing that small quantities of peptide can still engage many TCRs via serial triggering 40, 41 . Therefore, to truly manipulate T cell avidity, we screened mutants of the ESAT6(1-20) peptide and identified one such mutant, F8A, that was a full agonist for C7 T cells but only a partial agonist for C24 T cells (Fig. 8a) . We then generated C24 T H 1 cells in the presence of wild-type ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) or the F8A mutant peptide and adoptively transferred these cells into mice. Notably, following clonal expansion, C24 T H 1 cells activated with wild-type ESAT6 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) displayed 80% greater downregulation of TCR expression than that of C24 T H 1 cells activated with the F8A mutant, and this difference was maintained for up to 1 month (Fig. 8b,c) . Together these data indicated that T cell avidity was a driving factor behind the extent of TCR downregulation, which suggested that the clonally expanded T cells adjusted their reactivity according to the strength of the initial antigen recognition.
DISCUSSION
Among cell-surface receptors, the TCR is unique in that its affinity for ligand is not fixed but is highly variable. Therefore, how strongly an individual T cell will react to an antigen is essentially unknown before its encounter with that antigen. Given that interactions of higher avidity generally lead to greater biological output, this raises the question of whether negative feedback mechanisms exist that regulate T cell effector function in an avidity-dependent manner. In this study, we have identified such a mechanism and have shown that it operated via programmed downregulation of TCR expression following clonal expansion and thereby effectively lowered the functional avidity of the TCR-ligand interaction.
What is the rationale for programmed TCR downregulation and why does it lead to greater attenuation of high-avidity T cells than that of intermediate-avidity T cells? One explanation is that greater suppression of high-avidity cells preserves the polyclonality of the response and thereby counteracts a pathogen's escape from the immune system 13, 25 . In general, the aim of any response is to control pathogen replication with the least amount of collateral damage. Programmed TCR downregulation in that sense represents a typical example of 'reactive regulation' , which means a negative-feedback response that is executed proportional to the strength of signaling input but with a suitable time delay 42 . This enables control of the pathogen while the response is automatically attenuated to avoid excess damage to the host. Given the reactive nature of programmed TCR downregulation, this indicates that at the upper end of the avidity spectrum, cells will be excluded from further participation npg in the response. In this context, we emphasize that the programmed TCR downregulation did not commence until clonal expansion had peaked, at which point there can be millions of T cells of very high avidity distributed over the host. It is conceivable that a few million of such cells with full TCR expression would be difficult to restrain, especially given that at the peak of clonal expansion, antigen might still be abundant 27 . Therefore, these cells could generate substantial inflammatory damage if left unchecked 43 . From this perspective, programmed TCR downregulation seems to be an elegant solution whereby the biological activity of a given T cell clone is 'tuned' according to its intrinsic antigen reactivity, which ultimately favors cells of moderate avidity. It remains puzzling how T cells use the strength of initial antigen recognition to adjust TCR expression following days of clonal expansion. Published studies have shown that transient TCR downregulation during initial T cell activation also correlates with antigen avidity, which means that functionally more potent ligands induce greater TCR downregulation 40, 41 . In those experiments, TCR loss paralleled the extent of full TCRζ phosphorylation and activation of the signaling kinase ZAP-70. Ultimately, such biochemical changes would have to induce chromatin remodeling, such that graded expression of a 'TCR-targeting factor' , such as a ubiquitin ligase [34] [35] [36] , is achieved once T cells reach full clonal expansion. Thus, it might be expected that other molecules that influence TCR signaling would also contribute to programmed TCR downregulation 39, 44 . Indeed, CD4 + T cells with very low expression of CD5 also display TCR downregulation following clonal expansion 45 . In our studies, C24 T cells displayed lower expression of CD5 but greater basal phosphorylation of TCRζ than that of C7 T cells, which indicated that both these factors could have added to the extensive loss of TCR by C24 T cells. These results also emphasize that while CD5 expression and basal phosphorylation of TCRζ often correlate 46, 47 , there are exceptions to this. Since CD5 expression can also be upregulated on activated T cells 45 , some care must be taken when interpreting studies of this marker.
Our findings have implications for the design of T cell-based immunization strategies, as it is now clear that T cells with the highest long-term functionality are those that recognize antigen with intermediate avidity rather than very high avidity 10, [48] [49] [50] . Given the effect of programmed TCR downregulation on T cell biological activity, monitoring of TCR expression should prove a useful biomarker for helping new therapies select the optimal repertoire of responding T cells.
METHODS
Methods and any associated references are available in the online version of the paper. vector was then introduced as a single copy into the genome of the L. monocytogenes strain 10403S via conjugation. Following selection by chloramphenicol, successful transconjugants were confirmed by PCR and passaged through B6 mice to ensure virulence.
For recombinant L. monocytogenes-ESAT6 infection, bacteria were grown in Brain Heart Infusion broth (BD Biosciences) until early log phase (OD 600 of 0.1). Cultures were washed in PBS and injected intravenously into B6 mice at a dose of 5 × 10 3 CFU for primary infections and 5 × 10 5 CFU for secondary infections.
Real-time PCR analysis.
To analyze gene expression of adoptively transferred CD90.1 + C7 and C24 T cells, these cells were purified from the spleens of CD90.2 + recipient mice using CD90.1 MicroBeads (Miltenyi Biotec) and separation over two consecutive MS columns (Miltenyi Biotec). Eluted cells were lysed in RLT buffer (QIAGEN), homogenized using QIAshredder columns (QIAGEN) and stored at −80 °C. Total RNA from frozen homogenates was extracted using an RNeasy mini kit (QIAGEN), followed by cDNA generation using a QuantiTect Reverse Transcription kit (QIAGEN). TaqMan probe-based real-time PCR analysis was performed on a StepOnePlus RealTime PCR System (Applied Biosystems), using a DyNAmo probe qPCR kit (Thermo Scientific) and specific TaqMan probes (Invitrogen). Actb was used as endogenous control. Relative gene expression was determined using the Comparative C T method.
Statistical analysis. Statistical analysis was performed using an unpaired two-tailed Student's t test, assuming that data was normally distributed and there was equal variance between the groups under comparison. P < 0.05 was considered statistically significant. npg
